" e

x
Ll

NACA RM Np. @8¥13

» ot st A

by
£,

»
PO— L

ik

- N R ERNEELIED

COPY No.

RM No. ES8H13

RESEARCH MEMORANDUM

PERFORMANCE INVESTIGATIONS OF A LARGE CENTRIFUGAL
COMPRESSOR FROM AN EXPERIMENTAL TURBOJET ENGINE

By Ambrose Ginsburg, Jjohn W. R. Creagh
and William K. Ritter

Lewis Flight Propulsion Laboratory
Cleveland, Chio

therein, and o Uultad States citizens of kmown
muwmmdm-\uh

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

© WASHINGTON
October 18, 1948

;H

‘“-D"i—‘\{.‘\l

5

g TN VN Y iy QQ}'
LANGIRY MEI#ORIAl A siasd :t:r-_.,._;,



I

W

|

NACA RM No. ESHL3 RESTRICTED

-

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MFMORAKRDUM
PERFORMANCE INVESTIGATIONS OF A LARGE CENTRIFUGAL COMPRESSOR

FROM AN EXPERIMENTAL TURBOJET ENGINE

By Ambrose Glnsburg, John W. R. Creagh
and Williem K. Ritter

SUMMARY

An Investigation was conducted on a large cenirifugel compressor
from an experimental turbojet engine to determine the performance of
the compressor and to obtain fundamental information on the aerody-
namic problems assoclated with large centrifugsl-type comressors.

™e results of the research conducted on the compressor indicated
that the compressor would not meet the desired engine-design air-flow
requirements (78 1b/sec) because of an air-flow restriction in the
vaned collector (diffuser). Revision of the vaned collector resulted
in an increased air-flow capaclty over the speed range and showed
Improved metching of the lmpeller and diffuser components.

At maximm flow, the original compressor utilized. approximately
90 percent of the availlable geomstric throat area at the vaned-
collector inlet and the revised compressor utilized approximately
94 percent, regardless of impeller speed. The ratio of the maximm
weight flows of the revised and original compressors wag less than
the ratio of effective critical throat areas of the two compressors
because of large pressure losses in the Ilmpeller near the Impelier
Inlet and the difference Ilncreased with an increase In impeller.specd.
In order to further increase the pressure ratio and maximum weight
Flow of the compressor, the impeller mmst be modifled to eliminate
the pressure losses therein.

INTRODUCTION

The compressor 1s one of the most Important elements of the
eircraft turbdblne-type engine. The centrifugel compressor, upon which
Whittle of England developed the first practical turbojet englne for
alrcraft propulsion, has several favorable characterlistics such as
dependabllity, simplicity, end ease of mamufacture. Considerable
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work has been done in the past to improve the performence of the
emell centrifugal compressor as & highly useful accessory of the
reciprocating engine, but because of the much larger ailr capaclty
and power requirements of +the turboljet-engine compressor as well as
its newness, very little infoarmation on the performence of com-
pressors of +thls type nhas been published.

An Investigetion covering the performencs characteristics and
alr-flow analysls of a cenirifugal camressor used in an experimentel
turbojet engine was conducted at the NACA Cleveland laboratory. The
impeller was a single-enitry type and had an Inlet-to-outlet diameter
ratio of 0.65, which resulted in transonic Mach numbers neer the
Inlet-blade tip at design corditions. The diffuser had vnusual design
features in that the sir-flow path through the diffuser had an increesing
end then & decreasing radius of rotation. For this investigation,
extensive instrumentation was used along an alr-flow path through the
campressor; from thls instrumentetion, the d ctermination o f the over-
all compressor performance ard the analysls of the performance of the
component parts of the compressor were possible. As 2 result of the
anslysls of the compressor performsnce, s modification was recommended
to obtaln improved performence. The recommended changes were mede In
2 second campressor, which, in turn, wes simllarly investigated. The
investigation of the secomd compressor was extended to cover a brilef
survey of the effects on performance of chenging the inlet-alr pres-
sure and tempersture.

APPARATUS

Two turbojet-englne coumpressors were investigated. The first
campressor, hereinafter called the original compressor, consisted
of a sipgle~entry centrifugal impeller, a veneless dlffuser followed
by & vened collector, and accessory shrouds arnd casings. The conm-
pressor had a rated alr-flow capecity of 78 pounds per second at a
pressure ratio of 4.0 and an equivalent impeller speed of 11,500 rpm.
Wont and rear Views of the original-compressor assembly are prs-
sented in figure 1. The impeller hed a blade~tip diameter of
20.75 1inches at the inlet, a blade~tip dlamster of 32.00 inches at
the outlet, 18 full blades, and 18 splitter blades, The maximum
over-all dlameter or the compresscr was epproximately 48 inches. A
view of the original compressor wlth the front cover removed is
shown In figure 2. The gemeral nature of the impeller-blade con-
struction, the relative magnitude of the vaneless-diffuser sectlion,
and the inlet portion of the waned collector cen be seen in the
figure. The flow peth through the vaned collector had an increasing
and. then a decreasing radlus of rotation. The vaned collector was
designed to have no radlel component of flow at the Inlet to the
burner amulus.



966

RACA RM No. ES8H13 3

The research Investigation of the originsl compressor was ter-
minated by a structural failure of the compressor in attempting to
run at rated speed. A4s g result of ‘the mamifacturer's investigation
of the accldent, the impeller blades were found to have evidenily
suffered a fatigue fallure due to the presence, at speeds near the
deslign value, of resonant exciting frequencies from the field of
ae_&urodgnamic force created by the three equally spaced inlet cover
<] tse

From this fallure and the annlysis of -the compressor-performence
data, a second compressor was constructed in an attempt to reach
deslign speed and to improve the compressor performance at all speeds.
A view of this seconi compressor, hereinafter called the revised com-
Pressor, wlth the front cover removed is shown in figure 3. Two
Important changes were made to the originel compressor:

1. The lmpeller blades were slightly altered to increase thelr
natural frequency by mechining a small emount of metal from the
corner of each blade at the leading edge and by increasing the blade
taper near the leading edge.

2. The vaned-collector inlet was modified to improve the air-
flow performance of the compressor by cutting back the inlet edges
of the vanes. Wlth the exception of these changes, the original and
revised compressors were otherwlse essentially the same.

The compressor test installation is shown in figure 4. The col-
lecting chamber on which each of the compressors was mounted con-
tained an anmilar section, which simlated the burner section of the
turbojet engine. The collecting chamber was designsd to mainbain
uniform flow in the simmlsted burner ammulus and care was baken to
avold possible limitetion of compressor-flow capaciity by choking in
the charber. The compressor wes driven by a 6000-horsepower variable-
epeed electric mobor in conjunction with s speed-increaser gear.

The Inlet pipe was 24 inches in dlameter and 12 diameters long; the
discharge pipe was 16 Inches in dlameter and 5 diameters long and

was preceded by a transition sectlon approximately 3 feet long. No
Insulation material was used on the capressor, the collecting chanber
or the inlet and the outlet pipes.

IS TROMENTATION
The original compresscar was exbensively instrumented to determine

the over-sll performance of the compressor andi the characteristic
performance of each of the compressor components. Eighty-four
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static-pressure taps were instelled to determine the performence of
the impeller and the diffuser. The compressor instrumentetion is
shown In figuwre 5. Most of the outer-well static-pressure taps are
shown as well ag the bulkhead and fittings used to facllitate con-
nection of the lmmer-well static-pressure taps to menometers. A
complete listing of the static-pressure statlon locations 1is given

in table I using the number designations shown in figure 5. It can

be seen from the teble thalt with the exception of the pressure taps

1 through 12(b) slong the fromt cover and 28 in the simlated burner
enmulus, every tep on the outer wall was accompanied by a corresponding
inner-wall tap locabted in such a mammer that & line Jolning the two
would be approximately perpendicular to the alr stream at that section.
A schematic dlagram of a typicel flow path through the originel com-
pressor ls shown In figure 6 together with the muwber deslignations

of the pertinent static-pressure statlions. Also shown is the simm-
lated burner ammulus section into which the compressor discharged.

The instrumentation on the revised compressor was less extensive
than on the original compregsor because as a result of the performance
investigation of the origlnal compreasor, same static taps could be
eliminated because of the simllarity of flow conditions. From table I,
the total number of static-pressure taps was reduced from 84 on the
original compressor to 42 on the revised CONPressor. Despite the
reduction in the number of atatlc-pressure taps, the inagtrumentation
along a flow path was maintained as shown in flgure 6 except that
gtatic-pregsure tap 27 was eliminated in the vaned-collector pase-

age.

Stendard instrumentetion was installed in the inlet pipe according
to the methods described 1n references 1 and 2. The similated burmer
ennulus wae equipped with 10 totel-pressure, S5 static-pressure, aml
10 tempersture-measuring stations to determine the alr-stream con-
ditions at the compressor outlet. A remotely controlied survey probe
of the Fechheimer type (reference 3) was provided to measure the
engularity of the alr stream and the total-pressure gradient of
the air entering a typical vaned-collector passage. This probe was
ingtalled normal to the alr-flow passage wells and approximately
1 inch shead of the center of the Inlet to a vaned-collector passage;
the distance was measured along the mesn flow-path line. Alr-flow
and pressure regulation were provided by butterfly-type throttle
velves ingtalled in the inlet and the outlet pipes. An ad justable
submerged orifice mesasured the quantlity of air flow. Mercury manom-
eters were used to measure all pressures except the differential
pressure across the air-metering orifice, which was measured with
a water menometer. A chronometric tachometer was used to provide
eccurate indicatlon of the impeller speed. A callibrated poten-
ticmeter with a sensitive light-beam galvanometer was used to
measure the temperature of the air stream.

966
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PROCEDURE
Originel Compressor

The compressor was run gt equivalent impeller speeds of 5000,
7000, 8000, S000, and 10,000 rpm. A complete fallure of the com-
pressor rrevented obbaining data above the equivalent speed of
10,000 rpm. AJ1l of the runs were made wlth smblent inlet-alr tem-
perature and an inlet-alr stegnation pressure of spproximately
14 inches of mercury absolute, except for the low commpressor pres-
sure ratios at maximmm flow for which higher inlet-air pressures
were used. Inlet-air pressures of 14 inches of mercury absolute
were used in order that the complete range of commpressor speeds
mtght be intestignted at the same inlet-air-pressure conditlions
with a 6000-horsepower driving motor. Surveys of the ailr stream
were made at the inlet to the vaned collector at equivalent impeller
gpeeds of 5000, 7000, 8000, and 9000 rpm.

Revised Coupressor
This compreesor was operated unier the followlng conditlons:

Fquivalent speed — Inlet Outlet

(rpm) To " Temperature Total prossure

pressure (in. Hg abs.)

(in. Hg

ebs.)
3,600 - - - Ambient 31
5,000 - - Arbient 33
7,000 14 Anblent -- -
8,000 14 Ambient - - -
8,000 8 -320 P ---
8,000 8 Ambient - -
9,000 14 Anmblent - - -
10,000 14 Aniblent - -
11,200 14 Amblent - - -
11,500 6 . =320 ¥ - - -

Low inlet-air totel pressures were not used at equivalent impeller
speeds of 3600 and 5000 rpm because of possible adverse pressure
differentiels on the Impeller casling at these speeds. At the
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mnufacturer's request, an actual impeller speed of 11,500 rpm was
set as the maximm sllowable speed Ffor this investigation. Inaesmmch
as no means were avallable at the time for requlating the inlet-air
temperature between the ambilent value of approximetely 80° F and

the laboratory refrigerated-air value of approximately -32° F, one
run was made at maximm allowable gspeed with ambient inlet al. and
enother at an equivalent speed of 11,500 rpm with an inlet-alr tem-
perature of ~32° F. Only one point (meximm flow) was taken at
maximm impeller speed under ambilent-temperature conditions and ‘the
resulting equivalent speed was 11,200 rpm. Because of mass-flow
Imttations of the refrigerated-slr supply, the inlet-alr pressure
had to be reduced to 6 inches of mercuxry absoclute when 2 temperature
of -320 F was used. The equlivalent speed of 8000 rpm was Investigated
et three Inlet conditlions to correlate the effects of inlet conditions
on the compressor performence.

"996

RATING METHODS

Compressor

The performance of the compressor was based on the measured
total pressures and temperatures at the impeller inlet and at the
outlet of the simulated burner anmulus. Computations of adlebatlc
efficiency 7,4 for the compressor were mede in accordance with

reference 1. 'The flow parameter, corrected weight fiow WAE/S,
and the speed parameter, equivelent impeller speed K/4{6, were com-
puted according to the method of reference 4, where

W air welght flow at inlet conditlons, (1b/sec)

¢ ratio of actusl inlet stagnetion absolute temperature to
gtanderd sea-level absolute temperature

5 ratic of actuel inlet stagnation pressure to standard sea-level
pressure

N actual impeller speed, (rpm)

(A1l symboles are defined in the text when first used. A symbol list
is given in sppendix A.)

Impeller

The impeller performance was determined for eech speed from
measurements in the vaneless-diffuser passage 1/8 inch from the y
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FROCEDURE
Original Compressor

The compressor was run at equivalent impeller speeds of 5000,
7000, 8000, 9000, end 10,000 rpm. A complete feilure of the com-
pressor prevented obtaining date above the equivalent speed of
10,000 rpm. All of the runs were made with ambient inlet-alr tem-
perature and an inlet-alr stegnation pressure of spproximately
14 inches of mercury absolute, except for the low compressor pres-
sure ratios at maximm flow for which higher inlet-alr pressures
wore used. Inlet-alr pressures of 14 inches of mercury sbsolute
were used in order that the complete range of compressor speeds
might be intvestigated at the same Inlet-air-pressure conditions
with a 6000-horsepower driving motor. Surveys of the air stream

were made at the inlet to the vaned collector at equivelent impeller

gpeeds of 5000, 7000, 8000, and 9000 rpm.

Revised Coampressor
This compressor was operated under the followlng conditions:

t - —
Equivalent speed “Inlet —_____Outlet
(rpm) Total Temperature Total pressure
Dressure (in. Hg abs.)
(in. Hg
abs.)
3,600 --- Ambient 31
5,000 - - Ambient 33
7,000 14 Lnbient - - -
8,000 14 Anmbient - - -
8,000 8 -320 F ---
8,000 8 Aniblent - = =
8,000 14 Ambient - - -
10,000 14 Amblent - - -
11,200 14 Ambient - - -
11,500 6 -320 ¥ ---

Low inlet-alr total pressures were not used at equivelent impeller
speeds of 3600 and 5000 rpm because of possible asdverse pressure
differentials on the impeller casing at these speeds. At the
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menufecturer's request, an actual impeller gpeed of 11,500 rpm was

set as the maximum allowable speed for +this investigetion. Inasmmch
as no mesns were avallable at the time far regulating the inlet-alr
temperature between the amblent wvalue of approximately 80° F end

the laboratory refrigerated-air velue of spproximately -32° F, one
run was made at maximm allowsble speed with ambient inlet ai~ and
another at an equivalent speed of 11,500 rpm with an inlet-air tem-
perature of -32° F. Only one point (maximm flow) was taken at
maximm impeller speed under ambient-temperature conditions and the
resulting equivalent speed was 11,200 rpm. Because of mass-flow
limttations of the refrigerated-alr supply, the inlet-air pressure
hed to be reduced to 6 inches of mercury absolute when a temperature
of =320 F was used. The equivalent speed of 8000 rpm was investigated
at three inlet conditions to correlate the effects of inlet cornditions
on the compressor performance.

RATING METHODS
Compressor

The performance of the conpressor was based on the measured
total pressures and temperatures at the impeller inlet and at the
outlet of the simlated burner ammulus. Computations of adiabatic
efficlency Nad, for the compressor were mede in accordance with

reforence 1. The flow parameter, corrected welght flow WN6/5,

and the speed parameter, equivaelent impeller speed N/{€, were com-
puted according to the method of referencce 4, where

W air weight flow at inlet conditions, (1b/sec)

¢ ratio of actual inlet stagnation sbsolute tempersture to
standard. sea-level absolute temperature

& ratio of actual lnlet sbagnatlion pressure to standexrd sea-level
pressure

N actual impeller speed, (rpm)
(A1l symbols are defined in the text when first used. A symbol list

18 given in appendix A.)

Tmpeller

The impeller performance was determined for each speed from
measurements in the vaneless-diffuser passage 1/8 inch from the

996
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impeller-outlet blade +tip. The total pressure was determined from

t he conput ed dynamic pressure and the measured statlc pressure. The
calculations were made on the agsumption that there was no change in
total temperature of the air from the impeller tip through the system
to the measuring stations in the similated burner anmulus, that the
friction loss between the impeller outlet and the measuring point
was negligible, and that the veloclty was constant across the 4if-
fuser pessage. The air veloclty and the density were determined
from the measured statlc pressure, the contimmity of flow, and the
foregoing assumptions. Computations of adisbatlc efficlency for

the Impeller were made in accordance wlth reference l.

Diffuser

The vaneless diffuser and the vaned collector were rated
together as g diffuser. Diffuser efficlency was defined as the ratlo
of the actual statlic-pressure rise between the impeller ocutlet and
the simlated burner ammlus to the isentropic stntic-pressure rise
theoretically obtained from the change in Mach mumbers between the
same two polnts. The following form of Bermoullits equation for a
gas was used to obitgin the efficlency equation

L
p-[e

where

P stagnation pressure, (in. Hg absolunte)
P sbatic pressure, (in. Hg absolute)

¥y ratio of specific heats

M Mauch number

Values of Mach mumber were determined from the msasured total tem-
peratures and the static temperatures calculated at the impeller outlet
and in the similated burner anmnulius. Tnasmch as the process is
isentroplic and there is no change in stagnsation pressure, if subscripis
1 and 4 are used to refer to stations at the impeller outlet and the
simlated burner axmmlus, respectively, the following equation may be
written:
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B, fronn]™ s,

P\ 2 P
<p>4 2 + (7-1) M, 1

which 1s the ldesl or reversible statlic-pressure ratlio. If the
actual static-pressure ratio between the same two points iz denoted
by Q then, inasmuch as the diffuser 1s rated on a pressure-rise
basls and pressure ratios less than 1.0 are not pertinent, the dif-
Tuser efficlency is expressed as

Q-1
2 + (7-1) M_-,_2'|75I
2 + (r-1) 1%

diffuser effliclency =

-1

RESULTS AND DISCUSSION
Original. Compressor

Compressor performance. - The compressor performence characteristics
over the range of compressor (equivalent impeller) speeds fraom 5000 to
10,000 rpm are shown in figure 7. A peak adiabatlc efficlency T4
of 0.80 was obtalned at an equivalent impeller speed Of 9000 rpm, and
a corrected weolght flow of 47 pounds per second, snd a pressure
ratlo of 2.60. The maximm pressure ratio was 3.17 and occurred at
an equivelent impeller speed of 10,000 rpm, a coxrrected welght flow
of 49 pounds per second, and an adiabatic efficiency of approximetely
0.77. As shown on figure 7, the maximm corrected weight flow at
an equlvalent impeller speed of 10,000 rpm was 63 pounds per second.

e campressor weight-flow variation with equivalent Impeller
gpeed for maximm flow and for selected compressor efflciencles 1s
shown In figure 8. The curves represent peek adlsbatic efflclency,
constant adlasbatic effictencies of 0.70 and, 0.75 and maximum corrected
wolght flow. The turbojet engine welght-flow design point of 78 pounds
per second at rated speed of 11,500 rpm is also ehowm. Extrapolation
of the maximm-weight-flow or choking-flow line to rated speed indilcates
that the meximum welght flow obtalnable at rated speed will probably
be below the englne design requirement. Inasrmuch as the 0.70 and 0.75
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efficiency lines, which approximate the engine operating range, lie
below the maximm-flow curve, the compressor would probebly not have
met the required performance for the design englne operating condi-
tions.

Coapressor-componsnt performance. - The impeller, compressor,
and diffuser efficiencles are shown in figure S.

The impeller-efficiency curves have a generally flat charac-
teristic over the weight-flow range with peak efficlency at or
near maximm compressor weight flow. The meximm calculated effi-
clency, 0.93, ocomrred at a speed of 5000 rpm. The drop in irmpeller
efficiency with Increasing speed was small; the peak efficlency at
an equivelent speed of 10,000 rpm was 0.89. The comperstively smell
verlation in the impeller-efficiency curves indicates thet the
compressor-flow restriction or choking point dces not occur in the
Impeller, because choking in the impeller would result in pressure
losses ard a sharp drop in the Impellerefficliency at the maximm-
flow points. The values of impeller efficlencies indicate that this
camponent has good performance charscteristics.

The values of diffuser efficlencies are conslderably lower than
the lmpeller efficiencies; a meximm value of 0.74 was obtalned at
9000 rpme. In addition, the diffuser curves are quite peaked and,
as the peaks of the impeller and diffuser curves do not colnclde
because of imperfect matching of these components, the over-sll
performance of the compressor wes adversely affected. OFf more
Importance, however, is the rapldity with which the diffuser effl-
clency falls off at the high alr flows, which indicates that pres-
sure losses accompanylng choklng occurred socmewhere in the diffuser.

Flow cepaclty and limitations. - Static-pressure ratlos (local
statlic pressure[impeller-inlet static pressure) at three stetions
around the periphery of the inner and outer wells of the vaned-
collector inlet are shown in figure 10 at an equlvalent Impeller
speed of 8000 rpm. The statlc-pressure ratios at the ouilet of
each wvaned-collector passage on the lmmer and outer walls are shown
at an equivalent impelier speed of 8000 rpm in figure 1l. These
curves Indicete that the flow was very nearly uniform arocund the
periphery of the compressor and that measurements teken in one
vaned-collector passage or at one set of radial stations in the
veneless diffuser should therefore be typical of measurements taken
et any other position around the periphery.

The static-pressure variation along a compressor flow path for
equivalent impeller speeds of 8000 and 10,000 rpm at meximm flow
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and at pesk compressor adlebatic efficiency are shown 1n figure 1l2.
The static pressures represent an arlthmetic average of the inner-
and outer-wall measurements along the flow path except for the impel-
ler section, where pressures along only the front cover were measured.
The absclssa designates the stations schematically shown in figure 6
and bears no relation to path length or changes in radius. At maxi-
mm flow, & large pressure drop occurred neaxr the first statlic-~
pressure bap within the vaned-collector passage and indicated that
the flow choking point occurred at the inlet to the vaned collector.
Performance data showed that this condition was true for all equiv-
alent impeller speeds from 7000 to 10,000 rpm.

Calculated Mach mumbers at the point within the vaned-collector
passage corresponding to the point of minimmm stetic pressure (sta-
tion 18 of fig. 12) are presented in Tiguwre 1l3. These Mach numbers
were calculated using the form of the Bernoulli equation given in
equation (1). Here P is the arithmebic average of the measured
total pressure at the inmlet to the collector vane as determined by
pressure surveye across the flow chemmel and p ls the measured
static pressure at station 18 in the wvened-collector passage. For
welght flows corresponding to the choking point, Mach numbers of
1.0 were obtained for all equivelent lmpeller speeds except 5000 rpm,
et which & condition of choked flow was never reached. For polnts
along the constent maximum-flow line, Mech nmumbers greester than 1.0
were obtalned. Inasmch as maximm flow approximately corresponds
to a Mach number of 1.0 in the vaned collector, choking near the
inlet of the vened collector was evidently responsible for the flow
limitation.

The choklng may be attributed to flow separation at the wvane
inlet, inasmuch as the effective flow area mmst have been less than
the geometric passage area for choklng to occur at the maximm cbserved
flow rates. The flow separation may occur elther from the outer or
Inner wealls of the chammel or from the leading edges;of the collector
vanes. Flgure 14 shows the alr-gtream Mach number and the angle of
attack asdetermined from surveys acrossthe chammel at the inlet
to the vane collector. The angle of attack 1s conasidered negative
when ‘the vector of incoming wvelocity mekes a tangential angle less
than the tangential angle of the vane inlet (159 in this case) so
that the flow 1s directed from the high- to the low-pressure sides
of the vanse, which is opposite to conventional alrfoll designation.
Curves are presented for surge, peak adisbatic efficiency, and maxi-
mm flow at an equivalent impeller speed of 8000 rpm. The curves
for the three different flow conditione show that the peak angle
of attack and the peak Mach mumber shift from the inmer wall at
maximm flow to approximately the center of the passage for peak
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adlabatic efficiency and surge. The Mach rumbexr at the vane inleb
for maximum flow is of the order of 0.6, which 1s relatively low com-
pared with the high Mach-mmber values at the criticel-flow reglon
in the vaned-collector passage and indicates that the ailr-flow
restriction occurred in the short flow-path length between the wvane
inlet and station 18 (fig. 12). Because a -15° angle of attack
represents only rotational flow, figure 14(c) imdicates for the
choking-flow condition a reversal of the through-flow velocity at
the outer passsge wall and a piling up of the air on the lmmer
passage wall. This poor mess-flow distribution also results in
veriations in the angle of attack across the passage, which are
apparently too great for a satisfactory inlet alr-stream distri-
bution over the vane. The flow separation with the resulting flow
restriction in the vaned-collector passage is therefore believed

to result from poor distribution of mass flow across the passage
&t the wvane inlet.

Design Changes for Improving Compressor Performence

The design change to Incresse the flow capaclity of the com-
mressor was based on an anslysis of the flow at the vaned-collector
Inlet at maximm welght flow. The exmct location of the choking
point is a function of the flow comditions and the flow-passage geo-
motry. IF 1t 1s assumed that the flow from the vaneless diffuser
enters the vaned collector tangent to the pessage walls and that
thils flow process takes place isentropically, the flow restriction
would occur at the minimm passage ares.

If the vaned-collector inlet is assumed to be & nozzle, then
by using values of pressure and temperature corresponding { 0 maximum
alr flowat several impeller speeds it was possible t 0 determ ne the
effective critical throat or nozzle srea and to determine whether
the gecmetric throat area could be used as an index of the flow
limitations of the compressor. The application of the steady-
flow isentroplc-energy equatlion ko the daba is presented in eppen-
dix B.

The calculated effective critical throat areas a2t meximm
welght flow over & range of equivelent impeller speeds from 7000
to 10,000 rpm as shown in figure 15. A constant effective critical
throat area of 0.46 square foot was cbteined regardless of variations
iNn impeller spesd and meximm weight flow. This constant wvalue is
90 percent of the geametric throat area (0.51 sq ft) and
Indicates that the conception of the vaned-collector inlet as the
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throat of a nozzle is valid in establishing a useful index of the
air-fiow capaclity of this compressor. The air-flow capacity may
then be increased by Iincreasing the geometric flow area at the
vaned =collector inlet; the increased alr-flow capacity will, how-
evexr, only be proportionate to the change in passage area when the
ailr density at the passage inlet remains constant. The vaned-
collector-inlet ar ea was increased from 0.51 to 0. 68 square foot
by ocutting back the inlet edgees of the collector vanes, which
resulted in an increased vaneless-diffuser’ radius. Increasing the
alr-flow capacity in thls manner would also tend to improve the
efficiency of the compressor, for such an increase would shift the
diffuaer performance curve to higher weight flows where the peak
efficlency of the impeller occurred.

Revised Compressor

Conpr essor pexformance. -~ The compressor performance charac-
teristlcs over the range of equivalent impellexr apeeds from 3600 to
11,500 rpm are shown in figure 16. A maximum adiabatic efficiency
of 0.8l was cbtalned at an egquivalent impeller speed Of 7000 rpm,

a corrected welght flow of 36.5 pounds per second, and a pressure
ratio of 1.90. The peak pressure ratioc was 3.93 and occurred at an
oquivalent impeller speed of 11,500 rpm, a corrected welght flow of
65.5 pounds per second, and an adiabatic efficlency of 0.72. The
maximum corrected weight flow at 11,500 rpm was 76 pounds per second.

The variations of maximm corrected welght flow in the com-
pressor wlith equivalent impeller speed for the original and revised
compressors are shown Iin figure 17. Data are not presented for
speede lower than 7000 rpm, inasmuch as choking conditions were
never reached in the compressor for these gpeeds because of capaclty
limitations of the exhauster system under these operating conmditions.
Te curves of filgure 17 show that a conslderable increase in maximum
corrected weight flow was obteined with the revised compressor over
the speed range. 'The largest increase, 27 percent, occurred at
7000 rpm and the increase at the highest camparetive speed, 10,000 rpm,
was 12 percent. Fxtrapolation of the revised compressor-flow curve
indicated that at an equivalent impeller speed of 11,500 rpm the
deslgn flow of 78 pounds per second would almost be reached. The
data point at 11,500 rpm, however, for an inlet-air temperature of
=320 F and an inlet-air total pressure of 6 inches of mercury abso-
lute was approximately 2.5 percent lower than the extrapolated val ue
for this speed.

In order to determine some of the effects of inlet conditlons
on compressor performance, an investigation was made at an equivalent
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impeller speed of 800C rmm for different inlet-air temperatures and
pressures. Figure 18 shows the variation of compressor adiabiatic
efficiency and total-pressure ratic with weight flow fort hree dif-
ferent inlet conditions., No appreciable change in total-pressure
ratlo was noted with change in inlet conditions, but adefinite drop
in efficiency was observed at an | Nl et - ai r temperature Of -32° F,
This reduction in efficiency ha8 been noted byother investigators
(reference 5) and 1is generally attributed to the effeot of increased
heat transfer, Denreasing the inlet-air pressure from 14 to 8 inches
of mercury absolute at constant temperature had anegligible effect
ON compressor efficlency., The maximm welght flow was decreased
approximately 3 percent when both the inlet-air pressure and temper-
eture were reduced and approximately 2 percent when the inlet-air
pressure alone was reduced. These values are of about the same
magnitude a8 suggested by the extrapolation of the weight-flow

curve of figure 17, In general, & change in inlet-air pressure had
more effect on maximum weight filow than a change in inlet-alr tem-
perature and a reduction in elther resulted in slightly lower values
of the al I flow.

Compressor-camponent performance. - The performance of the
compressor, the impeller, and the diffuser is shown in figure 19.
Bor equivalent impeller speeds from 3600 to 8000 rpm, the impeller
efficiencies were high and had 3comparatively constant value over
the flow range with a meximmm wvalues of 0.95 being reached at 3600 rpm.
At speeds from 8000 to 11,500 rpm, the impeller performance curves
considerably decreased with Increased weight fiow; an efflciency
of 0.82 was obtained at maximm flow at the deaign speed of 11,500 rpm.
The rapid decrease in impeller efficiency at high-flow, high-speed
conditions indicated that pressure losses preliminary to choking in
the impeller were bheing encountered.

In general, the peak diffuser efficlency oocurred atapproxi-
metely the center of the flow range at each speed, Peak diffuser
efficiencies varied scmewhat over the speed range; a maximum value
of 0.78 ocourred at an equivalent speed of 11,500 rpm., At similar
values of air flow, the revised compresscr generally had higher
efficiencies than the original compressor. The useful range Of
operation of the revised compressor was shifted to higher values
of air flow than with the ocriginal compressor, thus ghowing that
altering the vaned collector resulted in improved metohing of
the impeller and diffuser components.

Flow capacity and limitations., -~ The static~pressure varia-
tion through the revised compressor is shown In figure 20 for
peak efficiency and maximure weight flow al equivalent impeller
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speeds of 8000, 10,000, and 11,500 rpm. For peak efficiency, a
steady pressure rise in general occurred through the impeller,
vaneless diffuser, and vaned collector.

The curvea show that for maximum flow a preasure loss ococurred
near the impeller inlet and in the vaned collector. The largest
presaure drop occurred in the vaned collector and, as in the
originel compressor, was a result of choking in this component.

The minimur pressure in the vaned collector was resched approxi-
mately one-third the distance of the flow path through the vaned
collector. In general, aboutS50 to 65 percent of this static-
pressure drop in the vaned collector was recovered by the tims
the air had reached the burner annulus.

A gtudy of the maximm-flow curves in figure 20 shows that
with an increase in speed the pressure drop near the impeller inlet
became larger. At an eguivalent impeller speed of 11,500 rpm, com=-
pression in the impeller started with a statioc pressure approxi-
mately 40 percent below the static pressure at the impeller inlet,

Considering the concept of the vaned-collector inlet as the
throat of a nozzle, the effective critical throat areas were calcu-
lated over an equlvalent impeller speed range from 7000 to 11,500 rpm
according to the method presented in appendix B. The calculated
effective critical throat areas for both the original and revised
compressors are shown in figure 21, The revised compressor had an
approximately constant effective critical throat area of 0.64 square
foot (94 percent of the geometric throat area). The ratio of the
maximan corrected welght flows of the revised compreasor to the
maximum corrected weight flows of the criginal compreasor is shown
in figure 22 over a range of equivalent impeller speeds from 7000 to
10,000 rpm. The ratio of effective critical throat areas of the two
compressors ia also given in figure 22. The welight-flow-ratioc curve
isconsiderably lower than the area-ratic curve at 7000 rpm and the
difference between the two curves rapidly increases as the speed 1is
increased. This fact together with a study of equation (4) (appen-
dix B) suggests that elither the total-pressure or the total-
temperature at the throat of the revised vaned collector had been
adversely affected at scme point in the ccmpressor system prior
to the throat section.

The impeller-cutlet total-pressure ratios and total-temperature
ratios for both compressors over a range of speeds at maximum flow are
ghown in figure 23. The curves show slightly lower impeller-outlet
temperature ratios for the revised compressor than for the original
campreasor, but these lower temperature ratliocs are accompanied by
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large reductions in impeller-ocutlet total-pressure ratios. At an
equivalent impeller apeed of 10,000 rpm, the impeller-ocutlet total-
pressure ratic for the revised compressor was 78 percent of that
obtained for the original compressor. The reductions in totel pres-
sure were due to pressure logses in the impeller near the Impeller
inlet at high flows and explain why the Increase 1n weight flow
with the revised compressor was disproportionate to the increased
effective critical flow area. In reference &, impeller-inlet pres-
sure losses were shown to be critically affected by both blede
angle of attack and blade Mach number. Thla impeller ham relatively
high blade-inlet Mach numbers with resulting limitations on the
blade-inlet angle deslign. The undesirable pressure losses could
possibly be reduced by altering the inlet edge of the impeller
blades to glve an Impeller of increased design air-flow capacity.

The maximum corrected weight flow obtalned over a range of
equivalent impeller speeds for the original compressar, the revised
compressor, and & theoretical compressor consisting of the revised
vaned collector and vaneless diffuser with a hypothetical Iimpeller
ia shown in figure 24. This Impeller component was assumed to
have, at maximum flow, the peak lmpeller pressure ratio andi peak
impeller efficiency experimentally obtained on the revised com-
pressor. From equation (4) (appendix B), the pressures and tem-
peratures corresponding to peak impeller efficiency amd pressure
ratio, and the effective critical throat area of 0.64 square foot,
the maximum corrected weight flows were obtained for the
theoretical compressor. At a speed of 11,500 rpm with the
theoretical compressor, the welght-flow capacity could be increased
from 76 pounds per second with the revlised compressor to 112 pounds
per second, a 47-percent increase, This optimum value of 112 pounds
per second would require that the impeller have the high specific
flow capacity of 12,300 cublc feet per minute per square foot. In
any attempt to increase the pregssure ratio and maximum weight flow
of the compressor, the impeller component must be modified to
eliminate the pressure losses therein,

SUMMARY OF RESULTS

In the investigation of the component and over-all performance
of a large centrifugal compressor and a revised compressar, the
following results were cbtalned:

1. The flow capaclty of the original compresacr up to an equil-
valent speed of 10,000 rpm (speed limited by mechanical failure) was
limited by choking in the vaned collector. The maximm flow values
Indicated that the compressor design flow at rated equlvalent speed
of 11,500 rpm would not be attalned.
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2. Revigion of the vaned collector resulted in an increased alr-
flow capacity over the speed renge. The design alr flow of 78 pounds
per second was very nearly reached for the revised compressor at rated
engine speed of 11,500 rpm,

3. At similer values of air flow, the revised compresscor generally
had higher efficiencles than the original compressor and the useful
range of operation of the revised compresacr was shifted to higher
values of air flow, which showed that altering the vaned collector
resulted IN Improved matching of the lmpeller and diffuser ccmponents.

4, For the revised compressor, a maximum adlabatlc efficilency of
0.81 was cbtalned at an equivalent impeller apeed of 7000 rpm, a
corrected weight flow of 36.5 pounds per second, and a pressure ratio
of 1.90., The peak preassure ratio was 3.93 and occurred at an
equivalent impeller speed of 11,500 rpm and a corrected weight flow
of 65.5 pourds per secord.

5. Decreasi ng the compressor-inlet-air temperature decreased
the compresgor efficlency and the maximum corrected welight flow.
Decreasing the compressor-inlet-air pressure had no appreciable
offect on the compresscr efficlency or pressure ratio but did decreese
the maximum weight flow.

6. At maximum flow, the original compressor utilized approximately
90 percent of the avallable gecmetric pasaage throat area and the
revised compreasor utllized approximately 94 percent, regardless of
Impeller speed.

7. The ratio of the maximum welght flows of the revised amd
original compreasscras was less than the ratio of the effective critical
throat areas of the two compressors because of large pressure losses
in the impeller nsar the Impeller inlet and the difference increased
with an increase in impeller apeed. In any attempt to increase
further the pressure ratic and meximum weight flow of the campressor,
the impeller must be modified to eliminate these pressure lossaes.

8. A thecretical compressor consisting of the revised vaned
collector and vaneless dilffuser with an Impeller advantageously com-
bining peak impeller preasure ratio and peak Impeller efficiency at
meximum flow would be capable of producing a maximum corrected alr
flow of 112 pounds per second at an equivalent impeller speed of
11,500 rms.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Clevelend, Ohio.
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A nozzle area, 8q ft
M Mach number
N actual impeller speed, rpm
® stagnation or total pressure, in. Hg absolute
P static pressure, in. Hg absolute
Q static pressure in simulated burner annulus
static pressure at impelleroutlet
T  total temperature, °R
W  airweight flow at inlet conditions,lb/sec
y rati o of specific heats
ratio of asctual inlet stagnation pressure t 0 standsrd sea-| evel
pressure
Nag adiabatic efficlency
6 ratio of actual irnlel stagnation absolute tenperature to
standard gesa-level abgolute temperature
Subscripts:
0 compressor inlet
1 i mpel ler outl et
2 vaneless-diffuser out | et
3 nozzl e throat
4 similated-burner annulug

max

maximum
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APPENDIX B

DETERMINATION OF EFFECTIVE CRITICAL THROAT AREA
AT VANED-COLLECTOR INLET

The asteady-flow isentroplc energy equation for a nozzle can bde

expreassed as
2 2+l
AP P\’ P2\ 7
W = 145.8—-4 (i":) - ({3) (2)
U i2 2

The maximuem welght flow through the nozzle will be resched when the
critical pressure occurs in the throat section and equation (2)
reduces to

AzP,
W = 37,8 VT (3)
max 2

Becauge the air-flow date are presented corrected to standard sea-
level pressure and temperature at the compresscr inlet, the same
procedure will be followed here. Equation (3) is then expressed

49.5 (—;—(—2;)

In applying equation (4) to the data, T, 1s assumed equal to
the total temperature measured in the simmlated durner ammulus T 4

and P, 1s assumed equal to the total pressure at the impeller
+ip Pl calculated according to the method previocusly described.
The results of several check runs at maximum-flow conditions with a

Ag (4)

total-pressure probe in the vaneless diffuser near the vaned-collector

inlet of both the original and the revised ccmpressors showed that
a negligible difference existed between the calculated impeller-
outlet pressures and the pressure-probe readings.
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TABLE |. = STATIC-PRESSURE MEASUREMENT STATIONS ON ORIGINAL AND REVISED COMPRESSORS

- Location Direction Ref- Station Original Revi sed
and erence compressor compresaor
distribution figure
Along compressor Equally spaced 5(a) Orig- Re-~ Number umber Number wber
front cover al ongprofile and 6 inal vised of stations | of stations | of stations | of stations
I n axial pl ane com- cot- on outer on inner on outer on inner
presgor| pressor | wall valLl walLl wal |
1-12 l1-12 12 0 12 0
At impeller inlet At sams radial 5(a) 12(a) None 2 0 0 0
on front cover distance amd = |[e--wa- 12(b)
90° on each
side Of sta-
tion 12
0N vaneleasa- Along |Right gide 5(3.) 13-17 Bone 5 5 0 0
diffuger sec- radial aridé
tion 1lines [eft side 5(a) 13-17 13-17 5 5 5 5
180° and 6
apart
Along passage Following mean flow |5(a), 18-27 16- 26 10 10 9 9
walls of vaned path along inoreas- [5(b),
collector ing and decreaging | anmd 6
radius Of vaned
col I ector
Around periphery at | 120° apart ard 5(a) 17(a) None 3 3 0 0
vaned-collector about 1a center of |s(a) 17(b)
inlet dpassage [ nlet  |aeeaae 17(e)
Around periphery at |30° apart and about [s(b) AL A 12 12 1 1
vaned-collector in ocenter Of each
out | et pagsageoUt | et
Burner annulus Fqually spaced around| 6 28 28 1 4 1 4
periphey Of inner
wall; single tap on
outer wall
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(b) Rear view.

Figore 1. - Originel compreseor.

C- 16080
10-21-4%8

2]






996

NACA RM No. E8HI3

Figure 2. = Tmpeller and vaned-collector inl et of ori gi nal compressor.
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Figure 3. - Impellerand vansd-sollector i nl et Of revised compressor.
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Figure 4. - Installation for performance investigation of turbojet-engine oompressor.
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(a) Front view.
Figure 5. = Ori gi nal conpressor showinglocation of static-pressurestations.
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(b) Rear view.

Figure5. - Concluded. Originel compressor showlng location Of static-pressure stations.
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Figure 6. - Schematic diagram of location of static-pressure stations along a flow path in original
compressor.
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